Deep-sea methane seeps are dynamic sources of greenhouse gas production and unique 26 habitats supporting ocean biodiversity and productivity. Here, we demonstrate new 27
Introduction 5 more common in the environment. The worm-associated bacterial pmoA sequences, 160 however, did share 99% amino acid identity to pmoA genes recovered from other seep 161 environments, including Jaco Scar (26) and notably the frenulate Siboglinum from the 162
Gulf of Cadiz (NE Atlantic; 27). 163
In support of the 16S rRNA-based community structure, abundant bacteria were 164 observed via fluorescence in situ hybridization (FISH) attached to and surrounding the 165 radioles of both Laminatubus and Bispira from Jaco Scar ( Figs. 3 and 4 ). Via TEM, 166
nearly the entire volume of each putative symbiont cell was devoted to intracytoplasmic 167 membranes (Figs. 3G-H and 4G-I), which are characteristic of MOX bacteria, and the 168 typical site of methane oxidation (28). A Methylococcales -Marine Methylotrophic 169
Group 2 specific FISH probe MTC851 was designed to be an exact match to both MOX 170 symbionts (based on the previously published MTC850 probe). For Laminatubus, 171 numerous long (~10+ µm long x 0.5 µm wide), segmented, filamentous bacteria were 172 observed in rosettes or tufts emerging from the tips of each radiole ( Fig. 3C-E) . Despite  173 the presence of a second Arenicella gammaproteobacteria phylotype (8-35% of the 174 recovered bacterial community, based on 16S rRNA barcoding; Fig. 5 ), no other bacteria 175
were observed via microscopy on the Laminatubus radioles ( Figure S3 ). 176
Via transmission electron microscopy, numerous filaments with densely packed 177 intracellular membranes were observed directly attached to the epidermis of Laminatubus 178 ( Fig. 3F-H) . For Bispira, numerous small (~0.6 µm), membranous, cocci-shaped bacterial 179 cells ( Fig. 4C -E) were embedded in an extracellular collagenous cuticle, penetrated by 180 microvilli (Fig. 4F ). TEM analysis of both species showed that MOX bacteria were not 181 only attached to the epidermal surface of the worms but were clearly in the process of 182 engulfment by host tissue (Figs. 3G, 4G ). Bacterial cells with compacted and 183 disorganized membranes appeared deep in the worm tissues, surrounded by intracellular 184 structures interpreted as digestive vacuoles ( Figure S4D -G). 185
Further, hybridization with the lipophilic dye FM4-64 revealed lipid-rich, 186
presumably host-sourced, structures near the sites of bacterial attachment ( Figure S4B -187 C). Examination of Bispira revealed a cuticle matrix comprised primarily of mannose, as 188 stained by Hippeastrum Hybrid Amaryllis lectin (HHA; Figure S4A ). Mannose is a 189 constituent of the cuticle in some annelids (29) and is the lock-and-key sugar used in 190 other symbioses (30). In agreement with molecular analysis, fluorescence microscopy did 191 not reveal obvious bacteria in the digestive system for either species ( Figure S5 ).
193
In Situ Transplantation of methanotroph-bearing serpulids 194 195 Laminatubus specimens were transplanted by submersible in situ from an area of active 196 seepage to two inactive muddy areas 600-1400 m away from the active site, in the 197 general direction of methane plume flow (south-southwest, based on deployed current 198 meters). These worms survived for 16 months and those examined had retained their 199 6 respective MOX bacterial phylotypes (which comprised 73-83% of the bacterial 200 community, based on 16S rRNA amplicon sequencing; Fig. 5 ) and light tissue δ 13 C 201 values (-50.6 ± 0.7‰; Fig. 2A ). Tissue δ 13 C values of the transplanted worms, however, 202
were slightly heavier than the δ 13 C values of individuals that remained in the active seep 203 area (ANOVA P < 0.00001; Fig. 2A ; Table S2 ). 204 205 13 CH 4 tracer evidence of active methane incorporation by host worms 206 207 In order to examine the possibility of methane oxidation and assimilation of methane-208 derived carbon into host tissues, whole worms with intact symbionts were incubated for 209
24-105 hours in the presence of 13 C-labelled CH 4 (Table S3 ). The generation of 210 substantial 13 C-labelled dissolved inorganic carbon in the surrounding seawater was 211 measured within 15 hours of incubation, confirming CH 4 conversion to CO 2 ( Figure S6 ).
212
This included a set of incubations where live worms were removed from their tubes prior 213
to incubation in order to minimize the potential for methanotrophic activity associated 214
with bacteria on the tube surface. Within 24 hours of incubation, clear assimilation of 215 13 C-labelled CH 4 was observed within animal tissues (Fig. 2 ). For Laminatubus, δ 13 C 216 values increased from -52.9 ± 3.0‰ (n = 8; for control worms exposed to 12 CH 4 ) to -44.4 217 ± 6.9‰ for 13 CH 4 -incubated animals (n = 7; ANOVA P = 0.012, F = 7.847), with the 218 tissues of three individuals revealing a shift to ~ -37‰ δ 13 C (Fig. 2) . Similarly, 13 CH 4 -219
incubated Bispira had heavier δ 13 C values (-42.2 ± 5.9‰, n = 11), compared to control 220 animals (-48.9 ± 2.9‰, n = 6; ANOVA P = 0.021, F = 6.6471), again with four 221
individuals showing δ 13 C values as heavy as -29 to -39‰ within 37 hours of shipboard 222 13 CH 4 exposure ( Fig. 2 ).
223
The variable response of 13 CH 4 incorporation by some Laminatubus individuals 224 ( Fig. 2) , however, could be explained by the variable community representation of 225 methane-oxidizing bacteria observed for 13 CH 4 -incubated Laminatubus (0.3-44%; Fig. 5 ).
226
For example, several Laminatubus that did not take up as much 13 CH 4 (δ 13 C values ~ 227 -52‰; Fig. 2A ) were found to be overgrown during the incubation period by Moritella 228 (ex. up to 61-84%, based on 16S rRNA sequencing; Fig. 5 Bispira sp.) and distinct methane-oxidizing gamma-proteobacteria within the Marine 271
Methylotrophic Group 2 (Methylococcales).
272
In both modern and paleo-ecosystems, isotope analysis is frequently used as an 273
indicator of reduced chemical utilization, whether via methane or sulfide oxidation 274 coupled to carbon fixation. The highly negative δ 13 C values in Laminatubus and Bispira 275 tissues (-44‰ to -58‰) suggest a significant contribution of methane-derived carbon to 276 their biomass. Two possibilities for the relatively light animal δ 13 C values involve 277 aerobic methane-oxidizing (MOX) bacteria, which occur ubiquitously in areas with 278 exposure to both oxygen and methane, and have been described from the water column 279 near Jaco Scar and other seep areas (26, 28). Either the worms selectively filter feed on 280 MOX bacteria from the overlying water or they form specific methane-based symbioses 281
with MOX bacteria. Prior evidence exists for selective feeding on aerobic methanotrophs 282 by annelids in seeps, particularly sediment dwelling ampharetids that form crater-like 283 depressions in the sediments as they errantly deposit feed (31-32). For Laminatubus and 284 Bispira, however, selective feeding does not seem likely given that water column 285 methanotrophs are only a small fraction of the total bacteria (4,33), and therefore 286
presumably unable to support the very high biomass of these worms, which cannot leave 287 their tubes. Furthermore, the δ 13 C of Jaco Scar POM from the surrounding water (-25‰) 288
was not reflected in the tissues of either species, and we found no evidence for bacteria in 289
their digestive systems. Alternately, aerobic MOX bacteria are known to live in intimate 290 symbioses with marine invertebrates, including siboglinid tubeworms, bathymodiolin 291 mussels, provannid snails, and cladorhizid sponges (reviewed in 2). Bathymodiolus 292 mussels possess MOX bacteria intracellularly in gill tissues, with corresponding negative 293 δ 13 C values (-40 to -80‰) (2,34) ⎯ a similar resemblance of Laminatubus and Bispira 294 tissues to water column CH 4 values from Jaco Scar (-50 to -62‰; 21). 295
Molecular evidence supported a specific and persistent symbiotic association 296 between both Laminatubus and Bispira and distinct MOX bacteria within the 297
Methylococcales MMG-2 group. These particular bacteria were present in individuals 298 collected 16 months apart, and conversely not detected in the surrounding water column, 299
underlying sediments, or in association with closely-related worms from nearby inactive 300
areas. Microscopy was striking in that abundant long filamentous MOX bacteria covered 301 the radioles of Laminatubus while numerous smaller cocci-shaped bacteria were 302 embedded in the collagenous cuticle of Bispira radioles. The Marine Methylotrophic 303
Group 2 has recently been shown to associate with invertebrates, including asphalt seep 304 sponges (35) and Siboglinum worms (27). Interestingly, the bathymodiolin mussels, 305
which are known to form symbioses with MOX bacteria, have not done so at the Jaco 306
Scar methane seep sites. Thus, it appears that serpulids and sabellids have assumed an 307 important symbiotic niche enabling the exploitation of methane for animal nutrition. 308
Transplanted Laminatubus survived for 16 months and those examined retained 309 their respective MOX bacterial phylotypes and had light tissue δ 13 C values suggestive of 310 persistent CH 4 metabolism and assimilation. Bathymodiolus mussels with methanotrophic 311 symbionts have likewise been shown to assimilate methane concentrations far below 312 detection limits (36), but in the case of Laminatubus, the affinity for methane by the 313 methanotrophic symbionts is not yet known. Tissue δ 13 C values of the transplanted 314 worms, however, were significantly heavier than individuals that remained in the active 315 seep area, perhaps indicating breakdown of tissue biomass (the transplanted worms 316 appeared more translucent in nature), a lack of carbon fractionation during starvation, or 317 increased suspension feeding activity, which has also been observed in mixotrophic 318
Bathymodiolus mussels (37). 319
Whole worms with intact symbionts, incubated in the presence of 13 C-labelled 320 CH 4, revealed active oxidation of CH 4 and assimilation into host tissues. This appears to 321 be the first example of marine invertebrates hosting a nutritional methane-oxidizing 322 bacterial symbiont externally. This raises the important question of how the worms 323 acquire carbon, or other nutrients, from their bacterial symbionts. Typically, organic 324 carbon is passed from symbiont to host by either translocation of small organic molecules 325 or by host intracellular digestion of the symbionts (38). The distinction between these two 326 mechanisms in methanotrophic symbioses is often determined by ultrastructural 327
observations and incubations with isotopically-labelled methane. In bathymodiolin 328 mussels, a time frame of carbon transfer to symbiont-free tissues on the order of hours 329
has been attributed to translocation, whereas transfer in 1-5 days, consistent with the time 330 frame of our experiments, is indicative of digestion (38). TEM analysis of both annelid 331 species showed that MOX bacteria were not only attached to the epidermal surface of the 332 worms but were clearly in the process of engulfment by host tissue. Bacterial cells with 333 compacted and disorganized membranes appeared deep in the worm tissues, surrounded 334
by intracellular structures interpreted as digestive vacuoles. Further, hybridization with a 335 lipophilic dye revealed lipid-rich structures near the sites of bacterial attachment, 336
supporting internalization and possible host endocytosis of bacteria (39). To our 337 knowledge, the only other example of this mechanism for nutrient acquisition is in 338 thyasirid clams, whose extracellular symbionts are periodically engulfed and digested 339 by host gill epithelial cells (40). It remains a possibility that Laminatubus and Bispira 340
also recover specific small carbon molecules from the bacteria (e.g. fructose-6-phosphate, 341
resulting from the ribulose monophosphate pathway, likely used by this group of 342 gammaproteobacterial MOX bacteria for assimilation of formaldehyde, following the 343 oxidation of methane). Follow-up investigations with live specimens are required to 344 determine the specific mechanism for carbon exchange and exactly how much of the 345 nutrition of both annelids is supported by methane. 346 347
Conclusion 348 349
Two species of tube-dwelling annelids from within Sabellida have independently 350 established highly-specific, persistent, nutritional symbioses with two closely-related 351 aerobic methanotrophic bacteria. The assumption, until now, was that most sabellids and 352 serpulids acquire nutrients via suspension feeding (14). We are reminded that 353 heterotrophy involving suspension feeding was also initially proposed for the giant 354
hydrothermal vent tubeworm Riftia pachyptila, which we now know relies entirely on 355 sulfide-oxidizing chemoautotrophic symbionts for nutrition (41) (42) (43) Primers that include unique 8-bp barcodes (P5 5'-AATGATACGGCGACCACCGAG-457
ATCTACAC-XXXXXXXX-TCGTCGGCAGCGTC-3' and P7 5'-CAAGCAGAA-458
GACGGCATACGAGAT-XXXXXXXX-GTCTCGTGGGCTCGG-3'). Amplification 459
with barcoded primers used conditions of 66°C annealing temperature and 10 cycles. sequence data was further rarified by random subsampling to equal the sample with the 476 least amount of sequence data (4006 sequences). The raw and processed sequence data, 477
as well as representative sequences, are available in DataFile S1. 478 479
Fluorescence Microscopy 480
Specimens for fluorescence in situ hybridization (FISH) microscopy were initially 481 preserved in 4% sucrose-buffered paraformaldehyde (PFA) and kept at 4°C. These PFA-482 preserved specimens were rinsed with 2× PBS, transferred to 70% ethanol, and stored at 483 -20°C. Tissues were dissected and embedded in Steedman's wax (1 part cetyl alcohol: 9 484 parts polyethylene glycol (400) distearate, mixed at 60°C). An ethanol: wax gradient of 485 3:1, 2:1 and 1:1, and eventually full strength wax, was used to embed the samples (1 h 486 each treatment). Embedded samples were sectioned at 2-5 µm thickness using a Leica 487 RM2125 microtome and placed on Superfrost Plus slides. Sections were dewaxed in 488 100% ethanol rinses. Hybridization buffers and wash buffers were prepared according to 489 52, using 35% formamide in the hybridization buffer and 450 mM NaCl in the wash 490 solution, and fluorescent probes were at a final concentration of 5 µg/ml. Initially, we 491 used the MTC850 probe (5′-ACGTTAGC-TCCGCCACTA-3′; labelled with Cy3 Figure  492 3C/4C), designed to target Marine Methylotrophic Group (MMG) 2 MOX, with 1-bp 493 mismatch to the Laminatubus and Bispira MOX symbionts (31). Ultimately, a probe that 494
was an exact match to both serpulid and sabellid MOX symbionts (MTC851; 5′-495 ATACGTTAGCTCC-ACCAC-T-3′ labelled with FITC; Figure 3E /4E), was designed, 496
and importantly had 5-bp mismatches to Arenicella, the other bacterial phylotype 497 recovered via amplicon sequencing from Laminatubus. A universal bacterial probe mix 498 (Eub338 İ-III) (53), was also used. Probes were hybridized at 46°C for 4-8 h, followed by 499 a 15 min wash at 48°C. To visualize the extracellular polymer structure, the sections were 500 stained for 15 minutes with the mannose-specific lectin stain Hippeastrum Hybrid 501
Amaryllis (HHA) labelled with TRITC, at a final concentration of 100 µg/ml in PBS, and 502 then rinsed for 10 minutes with water. To investigate endocytosis, the sections were 503 stained for 15 minutes with a lipophilic FM4-64 dye at a final concentration of 10 ug/ml 504 in PBS and then rinsed for 10 minutes with water. Sections were counterstained with 505 4'6'-diamidino-2-phenylindole (DAPI, 5 mg/mL) for 1 min, rinsed and mounted in either 506
Citifluor or Vectorshield. Tissues were examined by epifluorescence microscopy using 507 either a Nikon E80i epifluorescence microscope with a Nikon DS-Qi1Mc high-sensitivity 508 monochrome digital camera or a Zeiss Elyra microscope with an ANDOR-iXon EMCCD 509 camera.
511 Transmission Electron Microscopy 512
For transmission electron microscopy, radioles of several individuals of each species 513
were fixed in 2.5 % glutaraldehyde buffered in 0.05 M phosphate buffer with 0.3 M NaCl 514
(2-24 h at 4ºC). Ruthenium red (~0.5%) was added to the fixative. The specimens were 515 rinsed in the same buffer and postfixed with 1% OsO 4 for 30 min. The radioles were 516 dehydrated in an ascending alcohol series and embedded in Spurr's resin. Silver-517
interference colored sections (65-70 nm) were prepared using a diamond knife (Diatome 518
Histo Jumbo) on a Leica Ultracut S ultramicrotome. The sections were placed on 519
Formvar-covered, single-slot copper grids and stained with 2% uranyl acetate and lead 520 citrate in an automated TEM stainer (QG-3100, Boeckeler Instruments). The sections 521
were examined using a Zeiss EM10 transmission electron microscope with digital 522
imaging plates (Ditabis Digital Biomedical Imaging Systems, Germany). 523 524
Shipboard Isotope Labeling Experiments and Analysis 525
In order to assess interactions between the methanotrophic bacteria and host annelids, 526
short-term stable isotope incubation experiments with 13 C-labeled methane ( 13 CH 4 ) were 527 set up at sea using either Laminatubus or Bispira individuals removed from tubes (to 528 avoid activity caused by bacteria transiently associated with the tubes), or worm-529 colonized rocks from the Jaco Scar seep. Unlabeled control incubations were included in 530 each incubation series. All treatments were incubated at 4°C in sealed mylar bags with 531 0.2-µm filtered bottom seawater from the collection site. Methane was added to each 532
incubation to represent approximately one quarter of the total headspace. For one series 533 of incubations, sterile filtered air was added at 15 and 37 hours incubation time. Initial 534 conditions for all incubations, assuming equilibrium between gases and seawater and no 535 starting methane in the filtered seawater, are displayed in Table 3 . At the end of each 536 incubation, worms were picked from the rocks, tissues were dissected, rinsed in milli-Q 537
water and frozen -20°C until analysis, according to the Isotopic analyses section above. 538
Additionally, water samples for dissolved inorganic carbon (DIC) measurements were 539 filtered through a 0.2 µm PES filter into helium (He) flushed, 12-ml exetainer vials 540
(Labco Ltd, Lampeter, UK), following the addition of 100 µl ~40% phosphoric acid. 541
Samples were stored upright at room temperature. Vials were sampled using a GC-PAL 542 autosampler (CTC Analytics, Zwingen, Switzerland) equipped with a double-holed 543 needle that transferred headspace using a 0.5 ml min - analyzed in this study. In the photo survey portion of each dive, AUV Sentry moved back 560 and forth on tightly spaced tracks (i.e. "mowing the lawn") following a preset navigation 561
plan. Moving at an average speed of 0.54 m/s, Sentry traveled a total of 44.10 km across 562 four dives (#433, 436, 501, 503), at an average altitude of 6.92 m, and took ~ 20 photos / 563 min. Out of a total of 42,272 downward-facing photos, 28,962 photos were annotated 564 with serpulids. For photos with clear visibility, the presence or absence of seep 565
foundation species-bacterial mats, vestimentiferan tubeworms, vesicomyid clams, 566
bathymodiolin mussels, and serpulids-were noted. Additionally, the presence or absence 567 of hard substrate in the form of carbonate rock was noted for each photo. In ArcGIS 568 10.6.1, these species and substrate presences were resampled into 5 m grid cells in the 569 survey area to include only spatially explicit presence points, and they were mapped over 570 multibeam bathymetric data collected by AUV Sentry. The presence of serpulids was 571 categorized as "seep-associated" or "non seep-associated," where seepage was indicated 572
by the presence of seep-related foundation species found in the same grid cell. 573 574
Statistical Analysis 575
Quantification and statistical analyses are described in the Results sections and figure  576 legends. Comparisons were performed using ANOVA and statistical significance was 577 declared at P < 0.05. Statistical analyses of beta diversity were performed with Primer E. 578 Table S1: Sample locations along the west coast of Costa Rica, along with dive 587 information and sampling date 588 Table S2 : δ 13 C (‰) of various body tissues for both species, including native worms and 589
16-month transplants 590 Table S3 : Initial conditions of labeled 13 CH 4 at the start of each isotope incubation 591 experiment. 592
Data File S1: MiSeq 16S rRNA sequence data collected in this study 593 594 31. Levin Biplots of δ 13 C and δ 15 N values for the crown radioles of (A) the serpulid Laminatubus n. 831
sp. and (B) sabellid, Bispira n. sp. from the Jaco Scar seep, sampled directly upon 832 collection from the active seep ('Native'), after an in situ transplant for 16 months to an 833 area of no methane venting ("Transplants"), or after shipboard incubation with either 834 12 CH 4 ("controls") or 13 CH 4 (ex. " 13 CH 4 -incubated"). "Non-seep" sabellids were also 835 collected from an offshore seamount, but were not identified beyond family. The right 836
hand vertical shaded bar highlights the measured values of particulate organic material 837 "POM" (collected from CTD casts over the area of active seepage). The left hand vertical 838
shaded bar indicates the δ 13 C for methane from the water column above Jaco Scar seeps 839
(-62 to -50‰) reported by Mau investigator on the NSF-funded project, fixed the specimens for study (including 900 seamount worms), coordinated and interpreted the electron microscope analyses, 901
identified and is naming the worm species, and participated in all expeditions. L.L. was 902 a principal investigator on the NSF-funded project, coordinated isotope analyses, wrote 903
the manuscript, and participated in both expeditions. E.C. was a principal investigator on 904
the NSF-funded project, and Chief Scientist on both expeditions. V.O. was a principal 905
investigator on the NSF-funded project, designed the incubation experiments, and 906 participated in both expeditions. All authors contributed to data interpretation and 907 editing of the paper. 908 909
Data Availability 910
The raw barcode sequence data and QIIME processed data are available in DataFile S1. 911
16S rRNA sequences for bacterial isolates are available from GenBank under accession 912 numbers TBD -submitted July 24, 2019. Additionally, the sequences reported in this 913 paper will be deposited in National Center for Biotechnology Information database through 
